Raman Quantum Memory with Built-In Suppression of Four-wave Mixing Noise by Thomas, Sarah E. et al.
Raman Quantum Memory with Built-In Suppression of Four-wave Mixing Noise
S. E. Thomas1,2, T. M. Hird1,3, J. H. D. Munns1,2, B. Brecht1,4,
D. J. Saunders1, J. Nunn5, I. A. Walmsley1,2, P. M. Ledingham1
1Clarendon Laboratory, University of Oxford, Parks Road, Oxford, OX1 3PU, UK
2QOLS, Department of Physics, Imperial College London, London SW7 2BW, UK
3Department of Physics and Astronomy, University College London, London WC1E 6BT, UK
4Applied Physics, University of Paderborn, Warburgerstrasse 100, 33098 Paderborn,Germany
5Centre for Photonics and Photonic Materials, University of Bath, Bath, BA2 7AY, UK
(Dated: 2nd May 2019)
Quantum memories are essential for large-scale quantum information networks. Along with high
efficiency, storage lifetime and optical bandwidth, it is critical that the memory add negligible noise
to the recalled signal. A common source of noise in optical quantum memories is spontaneous
four-wave mixing. We develop and implement a technically simple scheme to suppress this noise
mechanism by means of quantum interference. Using this scheme with a Raman memory in warm
atomic vapour we demonstrate over an order of magnitude improvement in noise performance. Fur-
thermore we demonstrate a method to quantify the remaining noise contributions and present a route
to enable further noise suppression. Our scheme opens the way to quantum demonstrations using a
broadband memory, significantly advancing the search for scalable quantum photonic networks.
Introduction – An optical quantum memory is a device
that can faithfully store and release quantum states of
light on demand. This is a key element for future
photonic quantum information protocols as a means to
synchronise probabilistic processes via multiplexing, en-
abling secure long-distance communication through the
distribution of entangled states [1]. Many impress-
ive implementations of on-demand QM protocols have
been demonstrated across various platforms including
warm [2–8] and cold atomic vapours [9–14] and solid-
state systems [15–19]. While considerable progress has
been made to reach high efficiencies [11, 13, 16] and
long storage times [9, 17], designing a memory protocol
that does not add noise to the recalled signal remains
a significant challenge. Common noise processes include
atomic resonant fluorescence, spontaneous Raman scat-
tering (SRS) from unpumped thermal population from
the storage state, and spontaneous four-wave mixing
(SFWM) [20]. Eliminating these without sacrifice to the
memory lifetime or storage bandwidth has proven diffi-
cult. These spurious noise processes pollute the desired
memory output field, severely limiting the signal to noise
ratio (SNR), which in turn upper-bounds the achievable
fidelity for storing and recalling qubits [21], as well as
significantly modifying the photon number statistics i.e.
the second order auto-correlation function g(2) [18, 22].
Fluorescence can be reduced by operating off-resonance,
and SRS from the storage state can be eliminated by
near-perfect optical pumping. However removing SFWM
intrinsic to broadband quantum memories remains the fi-
nal hurdle.
Here we propose and demonstrate a technically simple
method to suppress four-wave mixing noise in atomic
memories. Our method is widely applicable to any
atomic species, since it harnesses the strong linear ab-
sorption of the atomic ensemble itself. Romanov et al.
have shown that SFWM noise can be suppressed via
Raman absorption of the noise photon into a second
atomic isotope [23, 24]. Inspired by their protocol we
present a new scheme for noise suppression, by operating
the memory at a specific detuning from resonance such
that the unwanted noise field is resonant with the pop-
ulated atomic transition. In this arrangement, the com-
peting processes of noise generation by SFWM, and its
absorption and dispersion by the atomic resonance signi-
ficantly suppress anti-Stokes scattering and thus the con-
tamination of the signal field. By operating the atomic
memory at a specific detuning we utilise this built-in
noise suppression (BNS) mechanism, achieving signific-
ant reduction of noise without any detrimental effects on
the memory efficiency or lifetime, nor any change to the
memory initialisation. This is in contrast to other, more
complex, strategies to suppress SFWM noise such as cav-
ity engineering [25], polarisation selection rules [26], non-
colinear geometry [27], and phase-mismatching in dis-
persive media [18]. We also present a new method to
analyse different noise processes in quantum memories
and quantify how these affect the photon number stat-
istics of the retrieved state, thus enabling us to give a
recipe for the remaining steps necessary for high fidel-
ity retrieval in broadband quantum memories. There-
fore, our scheme holds great promise as a route towards
a technically simple, noise-free quantum memory.
BNSRaman Protocol – The built-in noise suppression
scheme is investigated in an off-resonant Raman memory
in warm caesium vapour. The Raman memory protocol
is based on an ensemble of atoms each with a Λ-energy
level configuration, which are initialised in the long-lived
ground state, |1〉 (see Fig. 1a). We apply a strong con-
trol pulse in two-photon resonance with a weak signal
to drive a stimulated two-photon Raman transition from
|1〉 to |3〉, while the two fields themselves are detuned
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Figure 1. (a) The Raman Memory protocol uses a strong
control field to drive a Raman transition and store an input
signal field as a coherence across an atomic ensemble, or spin-
wave. (b) SFWM noise arises when the control field couples to
the populated state |1〉 and drives anti-Stokes scattering. (c)
The absorptive Raman memory operates at ∆ = −2∆hf such
that the anti-Stokes field is on resonance with the |1〉 → |2〉
transition, and anti-Stokes scattering is strongly suppressed.
(d) Simulated absorption spectrum of warm caesium vapour
in a nitrogen buffer gas at 83◦C, with 99.9% of the popula-
tion in state |1〉. The arrows show the frequency of the sig-
nal/Stokes, control and anti-Stokes fields for the BNS (left)
and STD (right) Raman protocols.
from the excited state |2〉 by ∆. This coherently stores
the signal field as a collective excitation, or spin-wave,
across the entire ensemble of atoms. To retrieve the sig-
nal, a second control pulse is applied which drives the
reverse process and coherently converts the atomic spin-
wave back into an optical field. However, this protocol
inherently suffers from SFWM noise which inhibits op-
eration at the quantum level [22]. The origin of SFWM
noise is the unwanted coupling of the strong control field
to the populated ground state, |1〉, which drives spon-
taneous anti-Stokes scattering (see Fig. 1b). This creates
a noisy spin-wave that has significant overlap with the
memory spin-wave, and which is efficiently read out with
the same temporal and spectral mode as the signal field.
This adds thermal noise to the retrieved photonic state,
preventing quantum storage.
By operating the Raman memory with the control field
at a detuning of ∆s = −2∆hf , we ensure that the anti-
Stokes field is on resonance with the |1〉 → |2〉 trans-
ition and undergoes strong linear absorption. This is a
coherent process and interferes with the SFWM genera-
tion process, since both fields are at the same frequency.
The destructive interference of these two pathways sup-
presses the generation of noise photons at the signal fre-
quency. One may interpret this mechanism physically
as the continual absorption of anti-Stokes photons that
are generated by SFWM. The absorption length for the
anti-Stokes field in this configuration is inversely propor-
tional to the optical depth of the ensemble, d, and is
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Figure 2. Experimental setup of the Raman memory. The
signal and control pulses are carved from a CW laser using
a fibre integrated electro-optic interferometer (Fibre EOM)
driven by RF signals from two arbitrary waveform generat-
ors. The pulses are amplified using a tapered amplifier (TA)
and split into two arms. The signal pulses pass through an
EOM driven at 9.2 GHz to generate a sideband at the sig-
nal frequency, and delayed in time to overlap with the strong
control pulses. The pulses interact with an ensemble of warm
caesium atoms, which is heated to 83◦C and initialised in |1〉
by a counter-propagating optical pumping laser. After the
memory the control pulse is filtered from the signal using a
beam displacer and Fabry-Pe´rot etalons, before the signal is
detected using a silicon single-photon avalanche photodiode
(Si APD).
typically sub 100 µm. Any anti-Stokes photon that is
scattered will be absorbed within a characteristic length
scale ∼ L/d, where L is the length of the atomic en-
semble, and the generated spin-wave excitation is there-
fore localised. Thus SFWM cannot lead to a delocalised
excitation over the entire atomic ensemble, in contrast to
the read-in and read-out memory interactions. The spa-
tial confinement of the noisy spin-wave means that the
overlap with the memory spin-wave mode is greatly di-
minished. This process is akin to the dissipative quantum
Zeno effect [28], in that the absorption of a noise photon
acts as a measurement process which prevents noise ex-
citations collectively building up over the memory inter-
action length.
Results – A schematic of the experimental setup is
shown in Figure 2 and details are given in the Supple-
mental Material. We operate the memory in two con-
figurations: (1) ∆s = −2∆hf where the anti-Stokes field
is on resonance with the atomic transition and there-
fore strongly absorbed (BNS-Raman); (2) ∆s = +2∆hf ,
where the coupling strength of the Raman memory in-
teraction is the same but there is no atomic suppression
of the SFWM noise i.e. the “standard” Raman memory
(STD-Raman).
Figure 3 shows the memory efficiency as a function of
control pulse energy in these two regimes, and a typ-
ical arrival time histogram of the memory interaction
measured on the single photon avalanche photodiodes
(APDs). The memory efficiency is defined as the ratio
of the energy of the retrieved signal to the input sig-
nal, and in the STD memory includes contributions from
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Figure 3. Memory efficiency as a function of control pulse en-
ergy. The error bars, estimated from Poissonian errors on the
number of detection events, are within the marker size. The
dashed lines are the theoretical predictions from our numerical
simulations. The inset shows typical arrival time histograms
for the input signal (control pulses off), the memory interac-
tion (signal and control pulses), and noise (control only, no
signal). The shaded grey regions show the integration win-
dows which are set to 35 ns. The memory retrieval time is
150 ns, and the input photon number for the STD- (BNS-)
Raman memory is 3.5 (3.2).
the desired memory interaction as well as FWM gain at
high coupling strengths [29]. The memory efficiency is
lower in the BNS-Raman case since we have suppressed
the four-wave mixing gain process. The memory life-
time is (294 ± 26) ns for the STD-Raman memory, and
(625 ± 36) ns for the BNS-Raman memory. The factor
limiting these timescales is the extinction ratio that can
be achieved with the intensity modulator switching the
optical pumping light, where any residual leakage dur-
ing storage continues to pump the atoms and causes the
spin-wave to be depleted. This extinction ratio varies
over time which causes the discrepancy in the storage
time between the two experiments. A better modulator
would allow memory lifetimes limited in this case by the
diffusion of atoms out of the control beam, thus similar
to the previously demonstrated 2 µs lifetime [22].
To confirm the noise suppression we measure the av-
erage number of noise photons generated per control
pulse, Nnoise, as shown in Figure 4. The amount of
noise is strongly suppressed in the BNS-Raman scheme.
At a control pulse energy of 930 pJ and storage time
of 70 ns the unconditional noise level is reduced from
N
(STD)
noise = 0.793(2) to N
(BNS)
noise = 0.0467(5) photons per
pulse – a decrease by a factor of 17. The memory ef-
ficiency for these parameters is η(STD) = 42.8(2)% and
η(BNS) = 23.0(1)% respectively and therefore the noise-
to-efficiency ratio, µ1 = Nnoise/η, sees a significant de-
crease from µ
(STD)
1 = 1.85(9) to µ
(BNS)
1 = 0.20(2). This
demonstrates that the BNS-Raman scheme is a power-
ful, technically simple method to reduce the noise in the
Raman memory, without detriment to the memory effi-
ciency or lifetime.
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Figure 4. The measured noise photons per pulse, Nnoise, in
the input and storage time-bins as a function of (a) control
pulse energy and (b) memory storage time for the BNS (red)
and STD (blue) Raman memory. The storage time for (a)
is 70 ns, and the control pulse energy for (b) is 930 pJ. The
error bars, estimated from Poissonian errors on the number
of detection events, are within the marker size.
We gain further insight by looking at how the noise
level scales with the memory readout time. For the
STD-Raman memory the noise in the retrieval time bin
decreases with storage time with a decay constant of
(380 ± 36) ns. This indicates that the noise process
involves an atomic coherence which decays at a similar
rate as the memory efficiency – consistent with four-wave
mixing noise. In contrast, for the BNS-Raman memory
the noise is independent of the read-out time. We also
see that in the STD-Raman memory the noise is signi-
ficantly higher in the retrieval time-bin than in the in-
put time-bin. This is again consistent with SFWM noise
which builds up with subsequent applications of the con-
trol pulse due to the generation and partial retrieval of a
spin-wave excitation with each pulse [22]. Other sources
of noise such as spontaneous scattering due to imper-
fect optical pumping and fluorescence would generate the
same amount of noise photons on every application of the
control pulses and would therefore be equal in all time-
bins. For the BNS-Raman memory the noise is almost
identical for the storage and retrieval time-bins. These
results give a strong indication that we have suppressed
the four-wave mixing process, and, for a control pulse
energy of 930 pJ, have residual noise sources remaining
of ∼ 0.05 photons per pulse.
Noise Characterisation – To further characterise the
output of the memory and confirm the suppression of
the SFWM noise, we consider the second order autocor-
relation function of the output photonic state, g
(2)
out, which
allows us to investigate the different noise sources in more
detail. This is defined as [30]:
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Figure 5. (a) The measured g(2) of the retrieved state
from the memory as a function of the retrieved photon num-
ber, Nout for the BNS and STD Raman memory. The con-
trol pulse energy is 330 pJ and the storage time is 150 ns.
The solid lines are the fit to data using Equation 1, and the
shaded regions indicate the 95% confidence intervals on the
fit. (b) The predicted g
(2)
out for a single photon input with
g
(2)
in = 0 as a function of the input photon number or her-
alding efficiency, ηh, using the fitted parameters. The green
line indicates the g(2) that could be reached by optimising the
BNS scheme via improvement of the optical pumping.
g
(2)
out(τ) =
∫
dt
〈
S†out(t)S
†
out(t+ τ)Sout(t+ τ)Sout(t)
〉
(∫
dt
〈
S†out(t)Sout(t)
〉)2 ,
where Sout is the output signal mode operator, and
g(2)(τ = 0) < 1 signifies a field with non-classical statist-
ics. We consider the average number of noise photons ar-
riving at the detector for three noise processes that could
contribute to the photon number statistics: (1) Spon-
taneous Raman Scattering, NSRS, either from FWM or
from spontaneous Stokes scattering from the unpumped
thermal population in |3〉 with g(2)SRS = 2; (2) Broad-
band collisional-induced fluorescence, NF, that is not suf-
ficiently filtered from detection which we consider to be
single-mode thermal noise with g
(2)
F = 2; and (3) Control
field leakage, NL, which we consider to be zero evidenced
by measuring detection dark counts when the memory
medium is removed. We derive an expression for the
g(2)(0) of the retrieved state as a function of the output
photon number Nout = ηNin taking into account these
different noise processes, and predict:
g
(2)
out = 1 +
aN2out + 2NSRSNout +N
2
SRS +N
2
F
(Nout +NSRS +NF)2
(1)
where a = g
(2)
in Gss/η2 − 1, and Gss is the integrated
Green’s function kernel describing the linear mapping
from the input signal field to the retrieved signal field.
For more details see the Supplemental Material.
To quantify the relative contributions of these differ-
ent noise sources, we measure the second-order autocor-
relation of the retrieved optical field for coherent state
inputs g
(2)
in = 1 with average photon numbers varying
from Nin ∼ 0.5 to 80, as well as measuring the auto-
correlation of the noise with Nin = 0. The output sig-
nal is sent to a Hanbury-Brown-Twiss set-up comprised
of a half waveplate, a polarising beam splitter, and two
fibre-coupled APDs. The correlations between the two
detectors are measured using a time-tagger (Swabian In-
struments Time Tagger 20) to calculate g
(2)
out.
Figure 5(a) shows the results for the measured g
(2)
out as
a function of the output photon number, Nout = ηNin, in
both memory configurations, for a control pulse energy
of 330 pJ and a storage time of 150 ns. The measured
g
(2)
out for the BNS-Raman is lower than that of the STD-
Raman for all input photon numbers tested. Further,
the measured g
(2)
out approaches unity more rapidly for the
BNS-Raman as the input photon number is increased.
Fitting Equation 1 to these data allows us to estimate the
relative spontaneous Raman scattering and fluorescence
noise contributions. NSRS is reduced from N
(STD)
SRS =
81(2) × 10−3 to N (BNS)SRS = 11.0(5) × 10−3 photons per
pulse, with NF decreasing slightly from N
(STD)
F = 9(3)×
10−3 to N (BNS)F = 3.8(5) × 10−3. Therefore, along with
the significant decrease in the average noise, the BNS
case presents a change in the SRS-to-fluorescence ratio
(∼ 3, compared to ∼ 9 for the Raman memory) resulting
in a noticeable reduction of g
(2)
out at zero input, whilst
the increased SNR allows for faster scaling to g
(2)
in as the
input photon number is increased.
To distinguish whether the remaining noise from spon-
taneous Raman scattering, NSRS, is due to four-wave
mixing or Stokes scattering due to imperfect optical
pumping, we measure the noise as a function of the
optical pumping efficiency. We find that the noise de-
creases linearly with the amount of residual population
in the storage state, which is consistent with noise from
spontaneous scattering from the unpumped population.
We measure that we can decrease the total noise to
Nnoise = 6.6(2)×10−3 with higher optical pumping power
(see Supplemental Material). Even for perfect optical
pumping we predict Nnoise = 5(2) × 10−3, which agrees
well with the extracted value of N
(BNS)
F = 3.8(5)× 10−3.
We therefore conclude that the residual noise is a com-
bination of fluorescence noise and spontaneous Raman
scattering due to imperfect optical pumping, and that
we have successfully eliminated SFWM noise.
To explore the efficacy of this scheme for enabling
quantum-level storage, we use Equation 1 together with
the fitting parameters from the weak coherent state data
to predict the output photon statistics for the case when
the input is a single photon Fock state with g
(2)
in = 0.
Figure 5(b) shows the predicted g
(2)
out as a function of the
probability for a single photon to arrive at the input of
the quantum memory, ηh. The STD-Raman memory is
unable to produce a non-classical output state, even for
5unit probability, due to the significant noise contribution.
In contrast, the BNS-Raman case with the large reduc-
tion FWM noise is able to output nonclassical states for
heralding efficiencies exceeding (26.4 ± 0.5) %. This is
well within the performance parameters of existing tech-
nologies, with heralding efficiencies as high as 87% pos-
sible [31].
By measuring the decrease in noise as we increased the
optical pumping power we have determined that we could
reduce the total noise to Nnoise = 6.6(2)×10−3, of which
approximately half is due to fluorescence (N
(BNS)
F =
3.8(5)×10−3) and half is due to imperfect optical pump-
ing. Furthermore, improved pump switching extinction
will prevent spin-wave depletion during storage, improv-
ing our efficiency from 10.2% to 12.7% for this con-
trol pulse energy, with the same level of noise. These
changes would give µopt1 = 0.052(3), or an upper bound
on the conditional fidelity of a retrieved qubit of around
F = 0.95 [21]. This would also yield the green line in Fig-
ure 5(b), or a drop in the requisite single-photon herald-
ing efficiency for non-classical read-out to (6.5 ± 0.6) %.
In this case a deterministic single photon source could
be retrieved from the memory with g
(2)
out = 0.14 ± 0.02,
significantly below the non-classical threshold. Further
improvement of the optical pumping, and better spec-
tral filtering to remove fluorescence noise would allow for
even more dramatic improvements.
Conclusion – We have demonstrated a novel scheme
for the suppression of noise in a quantum memory in a
warm atomic vapour by means of coherent destructive
interference of SFWM and absorption. We have shown
that this built-in noise suppression offers reduction in
SFWM noise in a Raman memory by more than an
order of magnitude, reaching a level where non-classical
operation is possible. By quantifying different noise con-
tributions in a quantum memory in terms of underlying
physical processes, we conclude that the remaining noise
is a combination of collisional-induced fluorescence and
spontaneous Raman scattering from imperfect optical
pumping. Further, we estimate that this technical noise
could be suppressed by improved frequency filtering
and by increasing the optical pumping efficiency. Our
scheme is broadly applicable to any off-resonant memory
protocol or any system that suffers from SFWM noise,
and in particular this method would be efficacious in
a cold atomic system where collisional induced fluores-
cence noise is negligible. This is a technically simple
and effective noise suppression scheme, that paves the
way towards quantum level storage in a long-lived,
broadband, room-temperature quantum memory.
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7Equations of Motion and Numerical Simulations
The equations of motion for the signal field, Sˆ, and the anti-
Stokes field, Aˆ, interacting with an ensemble of atoms via a
strong control pulse with Rabi frequency Ω, and generating a
spin-wave excitation Bˆ are given by [32]:
(c∂z + ∂t) Sˆ = ic
√
dγ
L
Ω
Γs
(
Bˆ + Fˆs
)
− κsSˆ (1)
(c∂z + ∂t) Aˆ = ic
√
dγ
L
Ω
Γa
(
Bˆ† + Fˆa
)
− κaAˆ (2)
∂tBˆ = −iΩ∗
√
dγ
L
(
1− α
Γs
+
α
Γ∗s
)
Sˆ
+iΩ∗
√
dγ
L
(
1− α
Γa
+
α
Γ∗a
)
Aˆ†
−
(
1
Γ∗a
+
1
Γs
)
|Ω|2Bˆ − Ω∗
(
Fˆ †a
Γ∗a
+
Fˆs
Γs
)
.
(3)
Here Γs,a = γ + i∆s,a is the complex detuning of the signal
and anti-Stokes fields, and γ = γN+γP is the total Lorentzian
linewidth of the excited state including the natural linewidth,
γN , and pressure broadening due to collisions with the buf-
fer gas, γP . d is the pressure-broadened optical depth of the
ensemble, which is related to the on-resonance optical depth,
d0, by d = d0γN/γ, and α is the proportion of atoms that
remain in state |3〉 due to finite optical pumping efficiency.
Fˆs,a are the Langevin noise operators which are introduced
in addition to the decay terms on the atomic coherences, de-
scribed by Γs,a, to account for fluctuations and ensure that
the bosonic commutation relations still hold. These operat-
ors will only appear in normally ordered expectation values in
expressions for the memory efficiency, and since the operators
are initially in the vacuum state these expectation values are
zero and we neglect such terms in our numerical simulations.
However, if there is significant occupation of the excited state
due to linear absorption of the control field, it may be that
this assumption is no longer valid, and hence our model may
not capture all sources of noise.
We solve Equations 1-3 numerically using a combination of
the Runge-Kutta method and Chebyshev iteration method,
and consider three cases:
1. BNS Raman. We consider a range of detunings
around the absorption condition ∆s = −2∆hf .
2. STD Raman. A similar range of detunings as in (1)
is used for the blue-detuned case ∆s = +2∆hf .
3. Ideal Raman We artificially turn off the four-wave
mixing process and calculate the memory efficiency for
the ideal, red-detuned Raman memory.
The results of these simulations for an on-resonance optical
depth of d0 = 2.9×104 and a control pulse energy of 750 pJ are
shown in Figure A.1, both for a pressure broadened linewidth
of γ = 96 MHz (left) and the natural linewidth γ = γN =
5.2 MHz (right). We see that the efficiency in case (2) is
higher than the ideal case (3) due to four wave mixing gain.
The efficiency for the BNS-Raman (case 1) is almost identical
to the ideal case (3) over a broad range of detunings around
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Figure A.1. The left-hand column, 1(a)-(d), is for the relevant
case of Cs with a buffer gas, γ = 95 MHz; the right-hand column,
2(a)–(d), is without a buffer gas, γ = γN. Note that plots (a)–(c)
have the absolute detuning | ∆ | (a) Numerical simulations of the
memory efficiency for three cases, STD-Raman (‘Blue Detuned’
– blue line), BNS-Raman (‘Red Detuned’ – red line), and ideal
Raman without four-wave-mixing in the equations (‘w/o FWM’ –
black circles). (b) Difference between blue/red detuned memory
efficiency and ‘w/o FWM’ memory efficiency in (a). (c) Four-wave
mixing phase for the blue and red detuned cases. (d) Anti-Stokes
absorption. Note that the centre of the feature is at zero detuning.
For 1(d) we include the absorption measured with a narrowband
laser (black dots).
the condition ∆ = −2∆hf = −18.4 GHz due to the built-in
noise suppression.
The second panel in Figure A.1 shows the difference in effi-
ciency between cases (1) and (3) (red), and cases (2) and (3)
(blue), on a log scale, and quantifies the increase in efficiency
due to four-wave mixing gain. We see that the four-wave mix-
ing gain is significantly suppressed in the BNS scheme over
the whole 10 GHz frequency range, and at the exact absorp-
tion condition we see a suppression in the gain process by over
four orders of magnitude compared to the standard Raman
memory.
We note that the efficiency in case (1) oscillates around the
ideal case (seen more clearly for the case with no pressure
broadening) and this is due to the four-wave mixing phase-
matching condition. The phase mismatch, δk = 2kc−ks−ka,
is shown in the third panel in Figure A.1, and we see that it is
rapidly changing due to the strong absorption feature at the
anti-Stokes frequency. The four-wave mixing process goes in
8and out of phase, resulting in an energy transfer back and
forth between the four fields. We note that the dispersive
feature is very broad, and the four-wave mixing process is
poorly phase-matched over a wide range of detunings around
∆ = −2∆hf . This allows suppression of SFWM noise us-
ing atomic absorption even for a broadband noise field, and
therefore this BNS-suppression scheme is widely applicable
for narrow or broadband memory protocols.
Experimental Set-up
To experimentally implement the Raman memory in warm
caesium vapour, we use the 6 S1/2(F = 3) and (F = 4) hyper-
fine states as ground and storage states, |1〉 and |3〉, respect-
ively, which are separated by ∆hf = 9.2 GHz. The memory
interaction is mediated by strong control pulses which drive
an off-resonant two-photon Raman transition from ground to
storage state via the 6 P3/2 manifold, |2〉. The signal and con-
trol pulses are generated using a fibre-integrated electro-optic
modulator to carve pulses from a continuous wave laser. The
modulator features two electrodes which are driven by arbit-
rary waveform generators with a sampling rate of 50 Gs/s
and which facilitate arbitrary phase and amplitude control
of the output pulses. We generate three pulses of an in-
tensity full-width half maximum of 10 ns to act as the sig-
nal, read-in and read-out control pulses. The signal pulse
passes through a further bulk electro-optic modulator which
is modulated at a frequency of 9.2 GHz to generate side-
bands. The carrier frequency and blue sideband are filtered
away using a Fabry-Pe´rot etalon, leaving the red sideband
which is in two-photon resonance with the control field. The
control pulses are amplified using a tapered amplifier to en-
sure sufficient pulse energy to drive the memory interac-
tion. The orthogonally-polarised signal and control pulses
are temporally- and spatially-overlapped, and focused to a
waist radius of 130µm in the centre of a caesium vapour cell.
The vapour is heated to a temperature of 83.0◦C to give a
resonant optical depth of d0 = 2.98 × 104, and placed in-
side a µ-metal magnetic shield to reduce magnetic dephas-
ing of the spin-wave. The system is initialised by optically
pumping the ensemble into the F = 3 ground state via a
counter-propagating continuous-wave laser on resonance with
the 6 S1/2 → 6 P1/2 transition. The EOM is switched off
during the memory interaction using an EOM (EOSpace) to
prevent depletion of the stored spin-wave. A buffer gas of 5
Torr of N2 is mixed with the caesium vapour to allow a high
pumping efficiency of (1−α) = 99.85% to be reached at such
high optical depths [29].
After the memory interaction, the strong control field is
filtered away from the retrieved signal using a series of po-
larisation and frequency filtering. First a calcite beam dis-
placer suppresses the control field by over 5 orders of mag-
nitude, before the signal is coupled into a single-mode fibre.
A series of Fabry-Pe´rot etalons (FPEs) are then used to fur-
ther suppress the control field: 4 FPEs with a free-spectral
range (FSR) of 18.4 GHz to maximally suppress the control
frequency (9.2 GHz separated from the signal), followed by
2 FPEs with an FSR of 103 GHz, to further suppress the
control field in addition to suppressing the anti-Stokes field
(which is 18.4 GHz separated from the signal and therefore
transmits through the first FPEs) and the broadband fluores-
cence noise. In total a suppression of the control field of over
110dB is achieved, while the transmission of the signal field is
15%. After filtering, the signal is coupled into a single-mode
fibre and detected with a standard fibre-coupled single-photon
avalanche photo diode and a time-to-digital converter.
Derivation of g
(2)
out
The equations of motion for the Raman memory are given
by Equations 1 - 3. These equations are linear so the resulting
evolution may be characterised by Green’s function mappings
Gij from initial mode i to final mode j, which may be repres-
ented in the form:
SˆoutAˆ†out
Bˆout
 =
 Gss Gsa† GsbGa†s Ga†a† Ga†b
Gbs Gba† Gbb
SˆinAˆ†in
Bˆin
 . (4)
We consider the input signal to be a superposition of Fock
states:
|sin〉 =
∑
n
cn |n〉
Nin ≡ 〈sin|S†S |sin〉
We take the input anti-Stokes field to be vacuum, |ain〉 =
|0a〉, and the initial spin-wave to have population 〈bin〉 = α,
given by number of unpumped atoms in initial state |3〉. The
full input state is described as |Ψin〉 = |sin〉 |0a〉 |bin〉 and the
number of photons retrieved from the memory is given by:
Nout = 〈Ψin|S†outSout |Ψin〉
≡ Nmem +NASSRS +NPSRS, (5)
where the first term describes output photons due to the de-
sired memory interaction, the second term describes output
photons arising from spontaneous four-wave mixing, and the
third term is spontaneous Raman scattering due to the initial
occupation of the spin-wave from imperfect optical pumping.
The second order autocorrelation function of the input sig-
nal is:
g
(2)
in =
〈ψin|S†S†SS |ψin〉
〈ψin|S†S |ψin〉2
=
〈ψin|S†S†SS |ψin〉
〈Nin〉2 ,
and so
〈ψin|S†S†SS |ψin〉 = 〈Nin〉2g(2)in .
By evaluating expressions for all the non-zero terms in
〈S†S†SS〉 we find:
〈S†S†SS〉 = 2〈S†S〉2 −N2in(2η2 − g(2)in Gss)
−2((NASSRS)2 − Gsa†)− 2((NPSRS)2 − α2Gsb),
where Gij ≡
∫∫
dt dt′ |Gij(t, t′)|4. Therefore:
9g
(2)
out = 2− {N2in(2η2 − g(2)in Gss) + 2((NASSRS)2 − Gsa†)
+2((NPSRS)
2 − α2Gsb)}/(ηNin +NASSRS +NPSRS)2.
(6)
We assume that the noise due to spontaneous Raman scat-
tering would give thermal output statistics i.e. g
(2)
out(Nin =
0) = 2. We hence approximate Gsa† = (NASSRS)2 and Gsb =
(NPSRS)
2/α2, which simplifies Equation 6 to
g
(2)
out,sig = 2−
N2in(2η
2 − g(2)in Gss))
(ηNin +NSRS)2
. (7)
where NSRS = N
AS
SRS +N
P
SRS.
We treat the noise contribution from fluorescence as an
incoherent sum of fields with NF photons and g
(2)
F . The in-
coherent sum of fields 1 and 2 is given by [22]:
g
(2)
12 =
N21 g
(2)
1 + 2N1N2 +N
2
2 g
(2)
2
(N1 +N2)2
,
and hence
g
(2)
tot = 1 +
N2S −N2in(2η2 − g(2)in Gss)
N2tot
+
N2F (g
(2)
F − 1)
N2tot
where photons produced in the signal mode are NS = ηNin +
NSRS, the total number of photons produced is Ntot = ηNin+
NSRS +NF . This leads to the expression for g
(2)
out given in the
main text:
g
(2)
out = 1 +
aN2out + 2NSRSNout + b
(Nout +NSRS +NF)2
(8)
where
a = g
(2)
in Gss/η2 − 1
b = N2SRS +N
2
F(g
(2)
F − 1). (9)
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Figure A.2. Measured noise counts per pulse as a function of the
proportion of the population in the storage state, α. The red dot
indicates the parameters that were used for the data presented in
the main text. The black dashed line is a linear fit to the data.
Noise vs Optical Pumping
To distinguish whether the remaining noise from spontan-
eous Raman scattering, NSRS, is due to four-wave mixing
or Stokes scattering due to imperfect optical pumping, we
measure the average number of noise photons per pulse as
a function of the pumping efficiency, 1 − α. The results,
shown in Figure A.2 indicate that the noise decreases linearly
with the amount of residual population in the storage state.
The control pulse energy here is 330 pJ and the storage time
is 50 ns. However, these data were taken with the optical
pumping beam turned on all the time, and not switching off
for memory storage. Due to photo-refractive damage of the
switching EOM we can only achieve a low pumping power and
a poor extinction ratio in this current demonstration. The red
dot in Figure A.2 indicates the conditions corresponding to
the measurements for the autocorrelation data in the main
text. By increasing the optical pumping power to 5 mW we
will be able to reduce the noise from Nnoise = 11.8(2)× 10−3
to Nnoise = 6.6(2) × 10−3. If we extrapolate these data to
perfect optical pumping efficiency, α → 0, we find a linear
offset of Nnoise = (4.4 ± 1.7) × 10−3, which we attribute to
fluorescence noise.
